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ABSTRACT

A wind turm#l expcrimGnt was ¢onduotcd in the NASA Langl6y Rescuroh Center (LaRC) Unitary Plan Wind
Tura_l (UPWT) _o _I_ lI_ offso_ of parody# _urfo_s _, on vor/ox ogow _lBraot_n_ _b_l a
gsmwal rascarch flghtt'r ¢on_ratfo_ at a_o_r_onto spc#ds.Opttval flow m¢asurcmrnt and flow
v_uali_ation tochniquas wcr_ used and ir_lud#d prmurc-s_ttv# paint (PSP), sohliln,cn, and laser vapor
• ¢rs¢, (LFS). Th_¢ t_hrdqu_ wcr¢ ¢ombtrAd withforce and momcz¢ and ¢orw,mttona! ¢l¢¢trontcaHy-
scanned prcsaur_ (ESP) mcasurem#nt_ to quantt_ and to vtsualtz# th# eft#eta o/flow-through porasiO_
aptdicd to a wing l#ading-#dg# axtcmion (LEX) mount¢d to a 65" cropped delta wing model.

1 INTRODUCTION

The omtrol of le_dinS-e_e vertex/lows is a _ ehdlavSe for desi_s of modem _er
airozafl. Pauive pormity has been s_ooemeully applied to oe_atrol vortices shed frmn dender
bodies at subsmmio l]_rough smpefsonio speeds [1] and to mitigate the adveme effeets of shook waves
en wings at transonic and mpecmnio speeds [2]. The pt_ exp_mental invmtigatle_ focuses on

flow-through porodty to affeGt the vortex h_eravtions for reduced noun-up pitching moments at
superumio speeds about a 65" oropped delta wing-LEX model Poroedy was applied to the LEX,

dnoe it is dtuated ahead of the mome_ feferenoe oenter and generates a strong vortex flow that
affeots/he wing flow field. A total of four oenfigurations was tested and inoluded nmx-porous
(solid) and porous LEX in oombinah'm with oentedine and wing-mounted vertical tailL Emphasis
in the current paper is on the application of sobliere_ LVS, and PSP teohniqum [3] to i_ flow
meohani_ and aecodynm_io effects Of LEX porosity.

2 TEST INFORMATION

2.1 Model and Instrumentation

A phetosxsph of the 65" c_opped delta wing-LEX model installed in the UPWT test eeetion and an
illustration of key dimensiees of the model in terms of the fuselage station (F.S.) and butt fine
(B.L.) looatiene a_e inoluded in fi_ 1. The LEX was a flat-plate with beveled leading edge having
a 65" sweep angle. It inoorporated a pattern of 0.05-inch diameter through holm spaoed 0.10 inch

apart aft center to provide a total porosity level of 12% rel_ive to its exposed m'e_ Tinting of a
solid LEX was aooomplished by spplyin 8 tape to the lower euffaoe. An imemal, 6-oomponent
strain-gauge balanoe v_ used to meaeme the model forms and moments, The model pitch attitude

was det_ t_ng an ao_elm'omete_ mounted in the main support system pitch meehmem v_th
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oo_eotiem applied to aooount for tunnel flow m3gulanty and aeroelutio del]ootiemmof the
medel/balanoe/ain8 ,ummbly, The _i85t-ha_ wing ;-oorpo_ated a total of 45 upper s,ffaoe ststio

prmma_ odfiom distributed in lhree epanwise zowmloosted at 30o/0, 609/0, and 80% of (he wing
oontedine chord meam_ed aft from the apex of the win8 (fig 1_ The presmae ozifioes were
oonneoted to an internal, 48-pe_t, 10 pad ESP module with put_ aiz oapability, which all_ ai_

to be routed through the prem_e ofifioes du6ng the PSP applioatie_ prooe_ The differentia] ESP
module was used as an shmlute gage by evaouatin 8 the mferanee a;deof the modnle uein8 a

vaom_ melee. The prem_e data f_om the diua_te presmae odfiom were used to perfecto a

global, in-_it, oalil_ of the PSP inte_ty field images [3].

2.2 Optical Techniques

SoM/er_ and LVS flow v/mudizat/on methods v_re used to obt6n eff-mcface flow-field

infonmtie_L The UPWT te,t ,_tion i. equipped with a aingle-_.s, off-axis ,Kddie_an mystem/hat
prov/des J two-diman_onil _ge _ the den_ty grs&ent, _o_ the am/re optical pstb. Shook
waves mul vertex flov_ are the in_xaty flow field featm_e vimble in these imogeL The LVS

system is used to vimmlize shook waves and vortioes in orou planes. Wate_ is injected into the
wind tunnel c_uit to create s fog in the test section, and the flow psttems about the model ate
illuminated by s sheet of laser fight The sdxliece_ rmults ate documented using _ and video
omneras located outside the test section, while the LVS flew vimmlizstion is recorded tuang
omneru mounted inside the test section.

The PSI) technique was used to acquire global Re_faeeaatio prem_ clhtdbutie_e wi intensity
field hinges oontainin8 the ,_pun_ces of vmtioe_ and shook waves Optioal aooess to the model is
prov/ded through v_ndowa in two doors which form the sidewalls of the teat sootie_ The model is
rolled to a _a_Ss-ve_tioal position dud_ PSI) testh3g, and the p/teh angle is obtained usmg the

model support _stem yaw n3,eohanism. This setup limits the maximum angle of attaok to
approximately 8: The PSI) illuminatie_ eou_oe is provided by ultraviolet le_g-wave lamps, and
images ate aoquil"ed usin8 seienfifio-g_ade, megapixel, digital oamataa Image ptooeuing is
pecfmmed on a hish-end oomputat werkstation using the _e paokage oited in [3_

2.3 _emd Tunnel and Test Condidom

The testing was ocmdooted in the lowMaoh number teat m_eti_mof _he NASA LtKC UPWT, which
is s wecishle Mach nmnber, variable-prmmue, oemtinuous-flow, supersonic wind tunnel The test
sootion dhnensions _e q_proximately 4 feet by 4 feet in omu seetion and 7 feet in lensth. A

summary of the UPWT faoility and testing capabilities is provided in [3]. Test remdts v,ere
obtained at free-stream Mach numbe_ of 1.6 and Z 1, Keynol& number of 2.0 mitlim per feet,
stagnation temperature of 125 ° Fahrenheit (F), and angles of attaok frem -4" to +22: Dewpoint
temperatures of appmximstely-30" F e_ less _ue_e maintained throughout the tinting, eecoept
the LVS poxtiem of the _etimznt. The teetin 8 oe_sisted of three phases booause ef oonflieting

data me,suteu_, inmnination, and image aequi_'on _s: (1) fo_ee, moment, mdESP
pressure meamamne_8 and schfime_ flow visualiz_en through the oomplete ranges of Mach
number and angle of sttaok; (2) LVS flowvLmudization at selected test oem.ditio_ and model otto,-
flow looations; and (3) PSI) image noquiaifion st seleeted oombinatie_ of Mach number md angle
of attaok

3 DISCUSSION OF RESULTS

3A Force and lVloment lVIeasm-ements

LEX porosity omutee large, noee-dov_n inorements to the pitching moment ooeffioienL Conounent
e_eet, inolude lowe_ lift and higher drag at the moderate _ high angles of attaok Test results
_e shov_ in fig 2 ootre,ponding to Mach=Z 1, which are typioal of the trends observ_ at lo_

9 _/_Uema_ond,fvmpa_m emFlow V'_,._'_m'/on, Her_-W,_ Un_,#_L% ffdb_m_rh, 2000
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Maohnumber.Thefoeoeandmomentdatam_SmtthatporosityweakemtheLEXvortexand,
omumquenfly,deomasmsthe vertex-induced lift and pitching moment inoreme_sL The inoreased
drag is attdbteted to the flowflLfough the porous mnface.

3.2 Scldiereu FlowV]sualtzadon

Fig_ 3 and 4 pl_ent achl/e_n flowvimudization xem_ obtained with the mlld and pormm LEX at

Maoh=l.6, (x=10" and Ma_---2.1, (x=16 ", feepeetively. The vertex flows ate vinlble in the
_lie_e_ imase6 u ti_er x_ie_ eztmdins heady mew above the model retrace.Porosity
oae_esa diiY_m of the_e lighter _agiem, whioh is cem_tent with a weakeein8 ofthevoztox shed

from the LEX. The LEX vmtex is not m_plneased by porosity, since vert/oity is _ shed from the
LEX leu_ag edge, albeit to a leaser degree.

3.3 Liner Vapor Screen Flow M[sua]izatlon

The effect of perusity en the LVS orose-flowpattem at Mach=l.6, 0_8" and the 80% w_n8 chord

aatiem (x/o=(X80) is shovm in fi_ 5. The light sheet leeatien oom_mda to the ait ESP pmgnre
tap mw cm the _ight-hand wing upper mrface,and thetea cend_tie_s aim ceinoide with PSP zusulta
di_mas_ in the next seetio_ Perosity shifts the dominance from the LEX vortex to the wing

voxtex. The solid LEX image is higlitighted by two dh_inet voztox pu, whioh are revealed as
dacker l_gions laokin8 cendensate. The left- and fight-hind LEX vertices have nearly oizoular

motien8 and me pomtioned ale_8 the inboard portiere of the wing. A t_gion of intenJe
downflow is induoed between throe vortioeL The le_t- and fight-hand win8 leadias-edge vo_om

axeflatter resionJ _ated along the outer u_tien of the _ In cemrast, the porous LEX image
zevush one vortex paix featuring a broader, thioker _ leading-edge Vol"tex em each _ide. There is
no evidence of the LEX vertices, and the induced downflow above the fuselage is leas discernible.

The om_-flow pattern at the same light sheet looation at Maol_?.. 1 is shovm in ft_ 6 and 7

oortmpemiin 8 to (x=12" and 16, reapS. The _a_aker vortex l_eduoed by the poroua LEX
cembtne_ v_th the win 8 leading-edge vortex, and the shear laym f_om rite Wag leading edge
c_me_ts the twe vortic_ The bolk of tl_ vortex _egio_t is aituated closer to the v_ng _u_face,

which _muld guggeat a looal ino_ea_e in the ve_ex-induced tmface pl_mae_. This pattern is mere
with the _chliore_ ze_ults in fiB, 4, Which revealed vortex traom _axting at the LEX and

extendin8 alon8 the enti_e wing. The identities of the LEX and m_ng vortices oan atillbe discerned,

but the zeaultant _roas flowpattem is charaoteriatio of a tingle, broader vortical flow. Censistent
with this effeot is the development of a tingle orout-flow shook above the oombined vortex mSie_L,
in ocmtrut to the separato shooks that develop above the LEX and X_Lg Vertices in the stolid
image_

3.4 PSP Intemtty Field Images

£4.1 Centerlin¢ versus Twin Tails

Several PSP fommlatiem were evaluated ducing the ou_e_t experiment, and the mo_t oomplete
image b_e was aequired o,1 the model v_th twin tm_ udng s mine xecent and robust PSP

chemistry and base coat duson_xl in [3]. The schlieren and vapor sorem images previomdy sho,_ax
Oml_pond to the model with the oe_terline tail The oenterline and twin tails axe podtioned
dovmmeam of the 80% wing chord mtiem and, cemequently, their upmeam influence at
m_perumio _peed_ is limited to distmbm_es eramenitted through the wing beundary layor. A_ a

result, the voztex-dominated flow field forward of the tall positiems is similar for both tail
ammgemm_ This is oonfLumd in fi_ 8, whioh shov_ the PgP intemity field images fo_ the mlid
LEX with the oe_tedine tail and twin tail_, obtained mdng differe_ PSP fommlation_, at Mach=L6

and 0_=8*. PSP ooathlg was not applied to the LEX, and thin m3zface does not appear in the imngee.

The lover pl_mUe x_giems underneath the VOlli©al flomu ate denoted by the blue/purple oolors,
v_hile higher Inmmue ragiems dovmmeam of shook wavus or in axe. of vortex-ind_Jced zeattaohed

9 _ lrasma_ond 8)_ea_m m Plow Vt_ude_mon, H_ot-_'att Un_rlg", lld_m_, ,7000 86-3
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flow age deleted by the fed/pink ooloxs. The suffaoe l_assme field in these fully pmeessed and
eal/brated imasm oompaxe favorably in the mgien of the wing upstream of the tail po_tiens, and

differenoea ale noted only in the loo.1 zegion about the tails. The intensity field req)eme to the
LEX vmte_ is faint oompared to the win8 v_tex, dmpite it, dominanee in the _diet_ and wpm
_feen imasea, because it is situated highe_ above the wing suffaoe. The prima_ e_fect of the LEX
vmtex is _ and is manifeaed ;, the Ibme,atmng_ and looatien of the win8 vortioal flow.

3.4.2 ,Solid versus Porous LKX

Fi_ 9 oempKea the PSI) intemity field images obtained on the twin-tail configuration at Maoh=l.6

and a---8" with the solid and pmou_ LE_ The pmoua LEX imase features a single, broader wing
vortex f_, wlfioh oon_lates with the vapor soxe_ image at the same test conditimxs in fi_ 5.
The weake_ flow oompene_ induoed by the LEX vextex on the win8 allow a forw_ m/Szation of

the v_n 8 vmte_ oxisin towat_ the LEX-wing junotio_ Pozosity also alleviate6 the zegion of
hishef prmtm_e neK the v_ 8 apex wlfiah was mated with the _ow mid _ flow
zeattaohmem induced by the vmtex from the mlid LEX. The sweep of the shook wave_ omated at
the twin tails is reduoed with the preens LEX, whiQh su88e_ a decease in 1he voxtex-induoed

spmwise flow _ in this region of the _h_

The effect of pom_y on the PSP inten_ty field is unaffeoted by inozeased Maoh number, as

indioated in the PSI) images in fi_ 10 at Maeh=Z 1 and c_=8O. A slight bmadeni_ of the v_ng

vedex fee_ is apparent, whioh is an expe_ed xesult at ate higher Maoh number.

3.5 PSI) 1)ressm.e Dislzibuflons

._ S_l In-Situ Calibrations

The leoat_ns of the ESP prmsm'e taps provided disorete pressure meama'ements that adequately
oovered flze expected ranse of premae8 in the _ expe_ime_ As a result, the in-situ

oelibratiqm method provided an exoellent 81obal oalibratien of the PSP. An example of the good
agreement between the two measuzemmt teohniques is shov_ in fi_ 11, vdfioh omnpaxes the PSI )
and ESP spanwise distfibutimls of the upper su_faoe static pmasme cee_oient (CPU) plotted as a

funetim of nondimmsionel span looation (y/s) at x/o=0.60 and x/o---0.80, Maoh=l.6, and ¢_-=8:

• 2 Centerllne versus Twin Tails

Q,a,tltative confimu_on of the similarity of the wing flow field upa_ream of the oentedine and

twin vetl_tl tails is provided in the PSI) pre_ dis_butie_ at Maoh-l.6 and (_=8" in f_ 12.
The results at x/o=O. 60 and x/offiO.80 were obtained from the oo_e_onding intmsity field images
,_ev_n previeu_yin f_

3..5.3 _olid versus Porous LKX

Fig_ 13 and 14 thowthe effeot of pe_osity onthe PSP preasme d_tdbutiees at Maoh--1.6 and 2.1,

mspe0tively, and o:=8 °. The dual vertex pre_ure s_natmm oh_acte_tic of the solid LEX

oenfiSmation aze oentruted by the sin81e , broader sisnature a_._iated with the pe_ous LID(.
Pmmity typically emmm a alisht zeduction in the auotienpreasm_ alert8 the outer v_n 8 zesis_, but
th_ effeot is eft_setby aninbea_d region of hisher ,_otionpremu_ whieh _ot ever an effeetively
larger poxtlon of the _ This trend ooems at both preume meatmeenent atatis_,t and Math
humbert and is oe_iatent with the xediazibuti_m of file vextex omu-flow pattem_ in the vupm
somen images. These results m_geat that the nxtistal_ation of the win 8 ve_tex_ suotion
Inemu_ oounters the deexeased d/reot lift on the LEX, exoept at the highe_ ansle,of attaok, and

oontcibutas to the nose-do_ pitching moment inoum_mt8 shown previoudy in fi_ 2.

_' l_#m_qo_d _ympoM_m o_ PIo_ Vb_m_on, Her_ot-FVt_t Un_*m_. : _dinbm_h. 2000
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EFFECTS OF PASSIVE POROSn'Y ON INTI3_CTING

VORTEX FLOV_ AT SUPERSONIC SP]I]_S

3.5.4 Mach Number Effect

Fi8_ 15 and 16 show the effeot ef the Maeh number on the PSI) lyresmge dimtibufimut at _=8 ° for

the mlid and porous LEX, respeetively. _ogeasing the Maoh number from 1.6 to ?- 1 weakens the
vertical flows and causes a zeduation in the vortex-induoed m_tien ineuuze level_ Ho_eve_, the

eh_aoter of the ptesmue dis_bufie_t, mad the effect of porosity, axe unaffeeted by the Maoh
nnmber.

4 SUMMARY

Optical meamaement and flow vimudizatim techniques were used to identify the e_ecCs of pastive

pomaity to oontml the int_ac4_ng vcgtex flowu about a 65" ogopped delta wing-LE3{ oonfiguratimx

at mapegmmio speed_ Flow-through porosity applied to the LEX xeduoed the no_-up pitehing
mements that ate eharaete_i_o ef a LEX vegex-_ed flow field. Sehlie_a and LVS flow

_atie_t indicated that pomt6ty l_omoted a wing vertex-dominated flowfield as a xemalt of a

_nn and weakening of the LEX voxtex_ The LVS and PSI) remalts obtained with the porous

LEX xevealed a single, broader wing vortical flow. The x.edisttibuficm of the wing vortex-indueed

maeticm ptemn_es ecmtnbuted to the nose-down pitching moment inorements aad mitigated the
deofeaimintheLEX voztex-indueedlift, exoept at the higher angles ef attaok Theimldie_en, LVS,

and PSP teelufiques wexe mutually exclusive beoause of oenflioting illumi_tien and image

aeqmsiti_m requilements. However, the (_mbined lesults from these OptiCal methods pl'ovided a

mo_e oomplete asse6mnent of the effeets of passkve pom_y on the high angle-of-atta©k flow field,
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solid LL_ x/e=O.SO pm-o_ LEX, x/e,_80

1_. 6. Vupm" sateen flow vlsunlizn_lon of solid nm] porous _ confl_qu-_om at M_c1_7.1, oral2"

solid _ I/e=0.80 i_cu_ L]_ x/c=O_O

lqg. 7. Vapor screen flow vlmmlizmion of solid and purous _ conflgur_ions at Mscle-2.1, 0_16"

]_. 8.

CenterIine T_dl Twin T_]s

Con_tmrison of PSP intensity field images with centerline and twin verfical tails at Mach_l.6,
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